The parent--child relationship provides the foundation for children's learning about the self and others. The quality of this relationship is reflected in children's attachment orientation to their parents, which, in turn, shapes how children respond to social situations (Bowlby, [@CR4]). More specifically, attachment theory posits that sensitive versus insensitive caregiving experiences contribute to the development of different attachment-derived internal working models (IWMs)---cognitive schemas about the self, others, and social relationships in general---that have extended implications for social and emotional development (Bretherton & Munholland, [@CR6]). In line with this perspective, a more secure attachment emerges from sensitive caregiving experiences and leads to an IWM that represents others as safe and dependable, and the self as worthy and capable of eliciting care when needed. Secure IWMs have consistently been associated with children's positive development, including greater social competence and emotion understanding (Cooke, Stuart-Parrigon, Movahed-Abtahi, Koehn, & Kerns, [@CR11]; Groh, Fearon, van Ijzendoorn, Bakermans-Kranenburg, & Roisman, [@CR19]), higher quality peer relationships (Pallini, Baoiocco, Schneider, Madigan, & Atkinson, [@CR39]), and fewer externalizing behaviors (e.g., aggression, conduct problems; Groh et al., [@CR19]). Conversely, children who experience inconsistent and unpredictable caregiving are more likely to develop an insecure anxious attachment characterized by hypervigilance to signs of threat, whereas children whose caregivers are typically unavailable or unresponsive are likely to develop an insecure avoidant attachment characterized by a strong desire for independence and self-sufficiency. In terms of underlying attachment-derived IWMs, attachment anxiety and avoidance are generally associated with hyperactivation and deactivation, respectively, of an attachment system that orchestrates attachment-related needs and behaviors (Mikulincer & Shaver, [@CR32]; Shaver & Mikulincer, [@CR42]). Although these insecure IWMs represent meaningful adjustments to the environment in which children grow up, and thus are not inherently maladaptive, they have been associated with lower social competence and increased risk for psychopathology (Fonagy & Luyten, [@CR14]; Groh et al., [@CR19]). Social competence refers to the ability and skills that are important for engaging in positive social interactions, including effectively communicating feelings and emotion regulation. Early social competence is an important protective factor against the development of emotional and behavioral difficulties (Burt & Roisman, [@CR7]).

Attachment-based interindividual differences in how children process information about the self and others can be investigated through studies of brain structure and function. Some studies have adopted a social neuroscience approach to test links between attachment and the neural correlates of social processing, mainly by using functional magnetic resonance imaging (fMRI; for recent reviews, see Letourneau, Hart, & MacMaster, [@CR24]; Long, Verbeke, Ein-Dor, & Vrtička, [@CR25]; Ran & Zhang, [@CR40]; Swain et al., [@CR46]; Vrtička, [@CR52]; Vrtička & Vuilleumier, [@CR57]). The vast majority of this work, however, has focused on adults, whereas only a handful of neuroimaging studies of attachment that focus on adolescents and children are available (Choi, Taylor, Hong, Kim, & Yi, [@CR10]; Debbané et al., [@CR12]; Leblanc, Degelih, Daneault, Beauchamp, & Bernier, [@CR23]; Takiguchi et al., [@CR47]; Vrtička, et al., [@CR56]). Thus, we examined the potential links between attachment and the neural correlates of two aspects of social information processing---social feedback and self--other representation---with a special focus on late childhood.

In this study, children performed a task that included the processing of social feedback in the form of supportive or disapproving responses from others (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]). Social feedback is often communicated by others' emotional facial expressions, and children must integrate this feedback with information reflecting their objective performance on a corresponding task. Accordingly, these two different sources of social versus personal information can be congruent (e.g., other's positive emotional expression combined with one's own successful performance) or incongruent (e.g., other's negative emotional expression combined with one's own successful performance). Children may vary in their experiences of congruent versus incongruent, as well as positive versus negative, social feedback as a function of previous attachment-related experiences. For example, incongruent feedback could be one kind of inconsistent or unpredictable caregiving experience that is more common for children at risk for developing an anxious attachment orientation. Conversely, one might expect avoidantly attached children to have had less overall experience with caregiver-related social feedback integration due to the caregiver typically being unavailable or unresponsive. Attachment-related social feedback processing is likely important for social competence, as integrating different sources of social versus personal information may inform how children interact with others.

Attachment (in)security has been found to be related to neural sensitivity to different types of social feedback. Two previous studies of attachment have used the social feedback processing task in samples of young adults and adolescents (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]). In the study of young adults (Vrtička et al., [@CR53]), it was observed that securely attached participants showed increased ventral striatum activation in response to congruent positive feedback (i.e., social approval) and decreased amygdala activation in response to congruent negative feedback (i.e., perceived reproach). Diverging from this pattern, increased scores on attachment avoidance were associated with blunted ventral striatum and ventral tegmental area activation in response to congruent positive feedback, whereas increased scores on attachment anxiety were linked to heightened amygdala activation to congruent negative feedback. Collectively, these findings suggest that increased reward-related activation to social approval, and decreased threat-related activation to social reproach, may be neural features of IWMs found in securely attached adults. Furthermore, these findings indicate that attachment system deactivation related to attachment avoidance may negatively affect brain activity (i.e., down regulation) related to social reward and approval, whereas attachment system hyperactivation related to attachment anxiety may positively affect activity (i.e., hyperactivation) related to social threat and reproach. The study of adolescents obtained different findings, as anxious and avoidant attachment were differentially linked to neural sensitivity to congruency versus incongruency more generally. Although age and increased scores on anxious attachment were associated with heightened prefrontal and anterior insula activation in response to incongruent (versus congruent) feedback, increased scores on avoidant attachment were associated with heightened activation across a number of social-emotional information-processing brain regions (e.g., amygdala, hippocampus, anterior cingulate) in response to congruent (versus incongruent) feedback. Because of differences in methodological as well as procedural aspects (e.g., different magnetic field strengths, varying age-appropriate task descriptions) of the abovementioned two studies (also in comparison to the present investigation), the respective data cannot be directly integrated, unfortunately. The diverging patterns of activation in relation to attachment security, avoidance, and anxiety in the adult versus adolescent samples, however, may imply the presence of a developmental component to the establishment of attachment-derived IWMs. This being said, the neural bases of social feedback processing in childhood, and how these neural bases may be associated with attachment, are open questions.

Besides potentially guiding social feedback processing, attachment-derived IWMs could also affect other kinds of neural processes related to social competence, particularly mental representations of the self and others. Greater overlap in self--other representations, defined as inclusion of the characteristics of others into one's self-concept, may occur more frequently in close compared to nonclose relationships (Aron & Fraley, [@CR1]). Some research indicates that the degree of self--other overlap has implications for a number of attachment-related processes, including empathy for close others and the fostering of social bonds (Beckes, Coan, & Hasselmo, [@CR2]; Cheng, Chen, Lin, Chou, & Decety, [@CR9]; Galinsky, Ku, & Wang, [@CR18])---both of which are important aspects of social competence. Furthermore, it was shown that attachment insecurities may affect the representation of self--other similarity, with attachment anxiety leading to overestimation, but attachment avoidance to underestimation of self--other similarity (Mikulincer, Orbach, & Iavnieli, [@CR33]). However, social neuroscience research on the putative neural substrates of self- and other-representation in association with attachment-derived IWMs has been rare. Debbané et al. ([@CR12]) used fMRI in adolescents ages 12 to 19 years while they attributed positive and negative adjectives to themselves and a close other (best same-sex friend) and found an association between increased scores on attachment anxiety and activity during both self- and other-representation in several brain areas related to emotion perception and regulation, mentalizing, and memory. Yet no study has directly considered attachment in relation to neural substrates of overlapping self-representations and other-representations in children.

Another experimental task that has been used in neuroimaging research to investigate self- and other-representation is based on self--other recognition or distinguishing between images of one's own face and the face of another person (for a review, see van Veluw & Chance, [@CR51]). More specifically, one can employ an experimental design where different faces are digitally morphed into each other (Harris, Young, & Andrews, [@CR20]; Natu et al., [@CR35]; Uddin et al., [@CR48]). We aimed to build on this research by implementing a specific version of the self--other recognition task by morphing the child participant's face into the face of his or her mother (versus an unknown female adult) to assess attachment-based differences in the neural correlates of self--other recognition.

Taken together, the current study was designed to improve our understanding of how attachment-derived IWMs in late childhood are represented at the level of brain functioning. To this end, we used fMRI to assess neural responses to two common social cognitive tasks designed to assess social feedback processing and self--other recognition. In addition to our main analyses, we were interested in exploring whether age would be associated with neural responses to these social cognitive tasks. A previous fMRI study of social feedback processing in 12-year-old to 19-year-old adolescents found evidence for age effects (Vrtička et al., [@CR56]), potentially pointing to developmental differences. Thus, we conducted secondary, exploratory analyses to test whether age was associated with neural activity during two social cognitive tasks in our sample of 8-year-old to 12-year-old children. Given the limited number of previous studies, particularly with children, it was difficult to derive specific a priori hypotheses. We therefore used an exploratory whole-brain analytic approach for each task (with adequate correction for multiple comparisons) to determine which brain regions would be associated with attachment anxiety and avoidance, as well as with age.

Method {#Sec1}
======

Participants {#Sec2}
------------

A total of 32 children (8--12 years of age) were recruited for this study from the local community through advertisements. Three children were adopted and were therefore removed from further analyses; this was done to prevent potential differences in attachment patterns related to preadoption caregiving that could not be controlled for and that may have influenced attachment formation with foster parents (Carlson, Hostinar, Mliner, & Gunnar, [@CR8]). The remaining 29 children were living with their biological parents, except for two cases: one child was living with his or her biological mother and another same-sex parent, and one child was living with his or her mother, who carried the child to term, but conceived through a donor egg. These children were included in our analyses, given that in both cases, both parents were involved in childcare from birth. One child could not be scanned in the MRI machine due to strong anxiety. Thus, the current analyses included 28 children with available fMRI data.

Directly prior to scanning, all children underwent a mock-scanning procedure in an adjacent room at the Stanford Center for Cognitive and Neurobiological Imaging (CNI). The mock-scanning setup consisted of a wooden replica of an fMRI machine in which children were placed with earphones so that they could familiarize themselves with the different sounds to be heard during real fMRI scanning. In addition, a motion-tracking device was placed on children's foreheads so that their head motion could be displayed on a visual target screen in real time. This procedure illustrated how much head motion would be acceptable during the subsequent real fMRI session. The mock scanning procedure lasted approximately 15-20 minutes.

Despite mock-scanning, for the social feedback processing task, five children had to be removed from analyses due to excessive head motion during fMRI (see fMRI Data Analysis section for details). Furthermore, two children demonstrated poor behavioral performance, defined as less than 50% "winning" trials (39.84% and 42.19%, respectively), despite the automatic performance-adjusting algorithm (see [Experimental Tasks](#Sec4){ref-type="sec"} section for details). These participants were also removed from any further analyses. Thus, the final sample for the social feedback processing task analyses included 21 children (14 females, seven males, *M*~age~ = 10.43 years, *SD* = 1.18 years, age range: 8.22--12.81 years).

The face-morph task consisted of two conditions---morphing between mother--child faces and between stranger-female--child faces. For the mother--child block, two children were excluded from analyses due to not completing the entire scan and thus providing incomplete data. In addition, four children were excluded from analyses due to excessive head motion (see fMRI Data Analysis section for details). Thus, 22 children provided useable fMRI data for the mother--child block of the face-morph task (15 females, seven males, *M*~age~ = 10.49 years, *SD* = 1.16 years, age range: 8.22--12.81 years). In the stranger-female--child block, four participants were excluded due to incomplete data. In addition, five children were excluded due to excessive head motion (see fMRI Data Analysis section for details). Thus, the final sample for the face-morph stranger-female--child task included 19 children (13 females, six males, *M*~age~ = 10.69 years, *SD* = 1.00 years, age range: 9.19--12.81 years).

The fMRI scanning always started with the social feedback processing task and was followed by the face-morph task. For the second task, the mother--child and stranger-female--child blocks were counterbalanced.

Attachment questionnaire {#Sec3}
------------------------

Children's attachment orientation was assessed with an adaptation of the Experiences in Close Relationships Scale--Revised (ECR-R) for use with children and adolescents (ECR-RC; Brenning, Soenens, Braet, & Bosmans, [@CR5]). As in the adult version of the questionnaire (Fraley, Waller, & Brennan, [@CR15]), the ECR-RC comprises 36 items that assess avoidant (e.g. "It's not easy for me to tell my mother a lot about myself") and anxious (e.g. "I'm worried that my mother doesn't really love me") attachment dimensions (18 items for each dimension), with the items reformulated for better understanding by younger participants. The 36 items were rated on a 7-point scale ranging from 1 (*strongly disagree*) to 7 (*strongly agree*), with a neutral midpoint (4 = *agree/disagree*), and averaged for each attachment dimension. The ERC-RC was collected separately for reference to the mother and the father (the other same-sex parent in one case). To obtain more global measures of the children's anxious and avoidant attachment to be used for both experimental tasks, ECR-RC values for mother and father were mean aggregated.

Experimental tasks {#Sec4}
------------------

The present study comprised two experimental tasks the children were asked to complete during fMRI scanning.

### Social feedback processing {#Sec5}

In the social feedback processing task (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]), children played a perceptual game consisting of trials that required rapidly counting and comparing the number of dots appearing in two dot clouds to the left and right of a centered line (see Fig. [1a](#Fig1){ref-type="fig"}, left panel). Task responses were given by participants using an MRI-compatible response pad. Feedback was provided after each trial, consisting of a word ("Won" or "Lost") and an adult face (with a smiling or an angry emotional expression). The word always indicated the children's objective performance during the preceding trial---correct responses were consistently paired with the word "Won," and incorrect responses with the word "Lost." The emotional facial expression, however, was not tied to objective performance, as smiling and angry expressions could be paired with both "Won" and "Lost" words. Thus, there were two congruent word--face pairings indicating social support (smiling face on won trials; SF-W) or social punishment (angry face on lost trials; AF-L), and two incongruent word--face pairings indicating schadenfreude/gloating (smiling face on lost trials; SF-L) and resentment (angry face on won trials; AF-W). This manipulation was designed to induce the perception of "friends" (congruent feedback) versus "foes" (incongruent feedback), as a smiling expression perceived after a successful trial ("Won") has a very different social implication than a smiling expression seen after an unsuccessful trial ("Lost"). The task therefore delineates four well-differentiated and predefined congruent versus incongruent social evaluations of one's own objectively evaluated performance (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]; see Fig. [1a](#Fig1){ref-type="fig"}, right panel).Fig. 1Illustration of the two experimental tasks. **a** Social feedback processing task, composed of a perceptual game consisting of trials that required rapidly counting and comparing the number of dots appearing in two dot clouds to the left and right of a centered line, and a visual social feedback screen after each trial (left panel). The social feedback was made up of a written performance feedback (either "Won" or "Lost") and an emotional facial expression (either smiling or angry; right panel). **b** Face morph task, during which the own face, the mother's face, or a stranger female face were shown to children (in 50% of cases with a red dot added between the eyes right above the nose; left panel) morphed into each other to 6 different degrees (right panel). Real photos cannot be shown due to data protection considerations. For more information, please refer to the text

The total number of dots and the difference between the two display sides were adjusted online based on the children's performance on preceding trials by either reducing the difference after each correct trial (minimum one dot) or increasing the difference after each incorrect trial (maximum five dots). This allowed us to maintain performance close to threshold and to obtain approximately equal numbers of correct and incorrect trials. In addition, to further ensure this equal distribution of correct and incorrect trials, occasional displays with 15 dots on both sides were inserted whenever performance exceeded 60% correct of two consecutive trials. None of the participants noticed these "trick" trials (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]).

Children were informed that they would be presented with a difficult visual task in which the goal was to give as many correct responses as possible as fast as possible, and that we would measure their performance. Children were informed that each trial would be followed by feedback consisting of a word and a face. The word would provide feedback about their performance, and the face would provide emotional evaluations from people either being "friendly" or "unfriendly" (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]).

The exact experimental setup was as follows. Each trial began with a jittered white central fixation cross on a black screen (for 3 to 7 s; average 3.5 s), followed by a brief visual display divided in two parts with a variable number of white dots on each side of the screen (presented for 500 ms). The dot display was followed by a black screen with a variable interval (jitter of 1,000 to 1,400 ms; average 1,200 ms), during which participants gave their response; and then by the visual feedback screen (1,500 ms). Face stimuli were color photographs of 16 different individuals (eight males) from the Karolinska Directed Emotional Faces set (KDEF; Lundqvist, Flykt, & Ohman, [@CR26]). Each face identity was assigned to one condition only (two males and two females in each of the four feedback types, counterbalanced across participants). Thus, for a given child, a given face was always seen with the same expression (either smiling or angry) and the same feedback message (either positive "Won," or negative "Lost") throughout the task. Each face identity was repeated eight times in the corresponding conditions, in random order, resulting in 128 trials in total per child (total duration of approximately 15 min).

### Face morph {#Sec6}

The face-morph task consisted of pictures of the child's own face (self), their mother's face, and age-matched unknown female faces taken from an internal database at the Center for Interdisciplinary Brain Sciences Research (CIBSR; images of current and former adult female members of CIBSR). Child, mother, and stranger female pictures were taken in front of a standardized background with all hair removed from the face, no jewelry, no makeup, and with a neutral facial expression (mouth closed). All pictures were edited to appear in black and white and to only contain the face region. Children were shown their own faces (100% self condition), faces that were morphed between their own and another (mother or stranger female) to four varying degrees (80% self/20% other; 60% self/40% other; 40% self/60% other; 20% self/80% other), and faces of their mother or a stranger female (0% self). Digital morphs between children's own and other faces were created using FantaMorph (Abrosoft; [www.fantamorph.com](http://www.fantamorph.com)). To ensure attention towards the faces, a red dot between the eyes directly above the nose was added to half of the faces, and children were asked to indicate by button press on an MRI-compatible response pad whenever a dot was present.

The task consisted of one block of trials containing the child's self and their mother's pictures (mother--child block) and one block of trials containing self and the age-matched unknown female's pictures (stranger-female--child block). For each morphing degree, 20 repetitions were shown (10 of which included a red dot), resulting in a total of 120 trials per block with an approximate duration of 10 minutes. The exact experimental setup was as follows. After an initial instruction display, the scan was started and a first fixation cross was shown for 10 seconds. Subsequently, a face image was always shown for 2.5 seconds, followed by a jittered fixation cross (0.5 to 6 seconds; average 2 seconds). Children could provide their answer regarding the presence or absence of a red dot while seeing the face image or during the subsequent fixation cross (see Fig. [1b](#Fig1){ref-type="fig"}).

MRI data acquisition {#Sec7}
--------------------

Neuroimaging data were acquired using a GE MR750 MRI scanner with a 32-channel head coil. A high-resolution T1-weighted structural image was obtained for each participant (TR/TE/TI = 2,500/3/1,100 ms; flip angle = 8°; 192 slices; slice thickness = 1.10 mm; FOV = 220 mm). Functional data during the tasks were obtained using an echo-planar imaging (EPI) pulse sequence (TR/TE = 2,400/30 ms; flip angle = 85°; voxel size = 2.41 × 1.8 × 3.2 mm; 38 slices; FOV = 235 mm).

MRI data preprocessing and analysis {#Sec8}
-----------------------------------

Functional images were analyzed using SPM8 (Department of Neuroscience, Wellcome Trust Center for Neuroimaging, London, UK; <http://www.fil.ion.ucl.ac.uk/spm/software/spm8/>), running on MATLAB (The MathWorks, Inc., Natick, MA, USA). Images were visually inspected for potential signal loss due to magnetic field inhomogeneity. After slice timing using the middle slice as a reference to correct for acquisition time differences, images were realigned using a least squares approach and a six-parameter rigid-body registration to correct for head motion. We subsequently performed coregistration to individual structural images using a rigid body transformation in three dimensions, and normalization to the Montreal National Institute (MNI) space using a standard T1-weighted average scan provided by SPM8 (ICBM152; dimensions: 91 × 109 × 91; voxel size: 2 mm^3^; presmoothed to 8 mm). Finally, spatial smoothing with a 7-mm full width, half-maximum (FWHM) isotropic Gaussian kernel was performed. As this study involved children, two additional preprocessing steps to detect and repair signal artifacts due to low frequency drifts in mean global signal and rapid scan-to-scan head motion were introduced after slice timing and realignment and before coregistration using ArtRepair software (<http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html;> Mazaika, Hoeft, Glover, & Reiss, [@CR30]), developed at CIBSR and available for public download. The despiking step automatically detects and removes spikes and slow variations using clipping and a digital high-pass filter, thereby reducing the "ringing" side effects that may occur when standard high-pass filters encounter large spikes in the data. The rapid scan-to-scan motion repair step automatically detects spike artifacts at times of abrupt motion between two successive scans and replaces them by interpolation. To ensure good quality of scans after rapid scan-to-scan motion repair, fMRI data were only retained if the percentage of interpolated scans per task/block was below 20% (Neely, Walter, Black, & Reiss, [@CR36]; Vrtička, Black, Neely, Shelly, & Reiss, [@CR54]; Vrtička, Neely, Shelly, Black, & Reiss, [@CR55]). In order for these two additional preprocessing steps to operate at best performance, another single-subject smoothing step with FWMH = 4 mm was introduced before artifact repair, which, together with the smoothing of normalized images with FWMH = 7 mm, is about equivalent to one FWMH = 8 mm group smoothing.

For both the social feedback processing and the face-morph tasks, preprocessed scans were then analyzed on the subject level using the general linear model (Friston et al., [@CR16]) implemented in SPM8 in an event-related design and high-pass filtered at 1/128 s (0.008 Hz). To do so, separate regressors for each event type were convolved with a canonical hemodynamic response function. For the social feedback processing task, six zero-duration events were modeled, including the dot display on correct and incorrect trials, and the four critical feedback conditions (SFW, SFL, AFW, AFL; Vrtička et al., [@CR53]; Vrtička et al., [@CR56]). For the face-morph task, six zero-duration events were modeled, comprising the six different morph conditions. For both tasks, the six movement parameters from realignment corrections were entered as additional covariates of no interest to account for residual movement artifacts after realignment.

A second-stage random-effect analysis was then performed using a flexible factorial design also comprising the factor subject. For the social feedback processing task, the main effects contrasts of emotional facial expression and written performance feedback, as well as their interaction, were computed as *F* tests. For the face-morph task, the main effects contrast of self--other degree was also computed as an *F* test. *F* tests were derived across the whole brain and thresholded at *p* \< .05 false-discovery-rate (FDR) corrected at the voxel level.

Associations with attachment and participant age {#Sec9}
------------------------------------------------

Raw activation (beta) values from any significant clusters (regions of interest; ROIs) found with the flexible factorial whole-brain analysis were subsequently extracted and tested for associations with attachment avoidance and anxiety. For the social feedback processing task, although we attempted to control for task performance (% "Won" trials) by automatically adjusting task difficulty online, we conducted analyses including task performance as an additional covariate of no interest. We found no task performance effects, so task performance was not considered further. We included age as an exploratory covariate of interest and controlled for sex in all analyses. Taken together, the overall statistical models comprised of sex as a fixed factor and (centered) age, avoidance and anxiety scores, and performance as covariates in repeated-measures analysis of variance (ANOVA) models with the factors emotional facial expression (2; smiling, angry) and written performance feedback (2; Won, Lost) for the social feedback processing, and the factor self--other degree (6; 0%, 20%, 40%, 60%, 80, 100%) for the face-morph task. Given separate models were calculated per ROI, FDR correction for multiple comparisons was carried out for the number of ROIs per contrast.

Results {#Sec10}
=======

Attachment questionnaire {#Sec11}
------------------------

Attachment orientations were evaluated for 23 participants (all participants for whom at least one fMRI task was available). Please refer to Table [1](#Tab1){ref-type="table"} for attachment avoidance and anxiety descriptives and reliability statistics (Cronbach's alpha). Attachment scores were positively correlated (Spearman's *r* = .690, *p* \< .001).Table 1Summary of attachment questionnaire resultsAttachment avoidanceAttachment anxiety*M*2.381.97*SD*1.060.78Min1.001.00Max4.363.89Cronbach's alpha.943.871*Note.* Results for the two attachment dimensions avoidance and anxiety. Provided are the mean (*M*), standard deviation (*SD*), minimum (Min), maximum (Max), and reliability on a scale from 1 to 7. These measures were derived from raw scores

For further analyses using fMRI data, avoidance and anxiety scores were logarithmically transformed due to positive skew, particularly of the anxiety dimension. There were no extreme outliers (three standard deviations below or above the sample mean) after transformation.

Social feedback processing {#Sec12}
--------------------------

### Behavioral data {#Sec13}

The average behavioral performance (% "Won" trials) during the social feedback processing task was 54.91% (*SD* = 2.41%), ranging from 50.78% to 57.81%.

### Brain activity {#Sec14}

The flexible factorial design revealed a significant main effect of emotional facial expression (regardless of feedback type), always with the direction Angry \> Smiling, on activation in a range of brain areas comprising bilateral amygdala/hippocampus, bilateral fusiform face area (FFA), left anterior temporal pole (ATP; two individual clusters), right temporoparietal junction (TPJ), right inferior frontal gyrus (IFG)/anterior insula (aINS), as well as medial prefrontal cortex (MPFC). There also was a significant main effect of written performance feedback (regardless of emotional facial expression), with the contrast Lost \> Won eliciting increased activation in bilateral aINS, right anterior superior temporal gyrus (aSTG), and right ATP, and with the direction Won \> Lost eliciting increased activation in right dorsolateral prefrontal cortex (DLPFC) and bilateral posterior cingulate cortex (PCC)/precuneus (see Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}). No significant interaction emerged, however, between the emotional facial expression and written performance feedback conditions.Table 2Summary of significant effects observed for the social feedback processing taskMAIN EFFECT OF EMOTIONAL FACIAL EXPRESSION*k* voxel*p*-value FDR corrected peak*F*-value peak*Z*-value peak*x, y, z*RegionPost hoc direction test725.03626.834.5562, −52, 8TPJ rightAngry \> Smiling371.03623.014.2434, −2, −18AMY/HPC rightAngry \> Smiling204.03622.394.1942, −46, −18FFA rightAngry \> Smiling147.03621.374.1−20, −6, −24AMY/HPC leftAngry \> Smiling49.03620.754.04−50, 14, −26ATP left (1)Angry \> Smiling148.03619.483.9354, 30, 6IFG/aINS rightAngry \> Smiling390.03817.883.77−4, 54, 22MPFCAngry \> Smiling990.0417.53.73−38, −44, −20FFA leftAngry \> Smiling350.04216.663.64−58, 4, −16ATP left (2)Angry \> SmilingMAIN EFFECT OF VERBAL FEEDBACK*k* voxel*p*-value FDR corrected peak*F*-value peak*Z*-value peak*x, y, z*RegionPost hoc direction test62.03526.64.5332, 18, −16aINS rightLost \> Won239.03821.734.13−30, 26, −10aINS leftLost \> Won22.03819.413.9250, −30, −6aSTG rightLost \> Won45.03819.063.8946, 20, −4aINS rightLost \> Won20.03818.933.8750, 8, −28ATP rightLost \> Won286.03530.724.8222, 36, 44DLPFC rightWon \> Lost302.03524.44.36−18, −46, 16PCC/PREC leftWon \> Lost28.03818.243.8120, −40, 16PCC/PREC rightWon \> LostINTERACTION*k* voxel*p*-value FDR corrected peak*F*-value peak*Z*-value peak*x, y, z*RegionPost hoc direction test*nsNote*. Provided are the number (*k*) of voxels per cluster, the FDR corrected *p* value of the peak activation, the *F* and *Z* values of the peak activation, the coordinates (*x, y, z*) of the peak activation in MNI space, as well as the best possible estimate of the anatomical region the cluster falls into. The significant main effects of emotional facial expression and written performance feedback were tested post hoc for their respective direction, which is also indicatedFig. 2Summary of significant effects observed for the social feedback processing task. **a** Main effect of emotional facial expression showing significant activations in bilateral amygdala (AMY)/hippocampus (HPC), left anterior temporal pole (ATP--two individual clusters), bilateral fusiform face area (FFA), right inferior frontal gyrus (IFG)/anterior insula (aINS), right temporoparietal junction (TPJ), and medial prefrontal cortex (MPFC). Post hoc examination showed that in all of the regions, the direction of the main effect of emotional facial expression was Smiling \> Angry, as illustrated on the right by the example plot with extracted raw activation (beta) values from the right TPJ. **b** Main effect of written performance feedback showing significant activations in bilateral aINS, right dorsolateral prefrontal cortex (DLPFC), right ATP, right anterior superior temporal gyrus (aSTG), and bilateral posterior cingulate cortex (PCC)/precuneus (PREC). While in the aINS, aSTG, and ATP, the direction of the main effect of written performance feedback was Won \< Lost, the direction was Won \> Lost in the DLPFC and PCC/PREC, as illustrated on the right by the example plots with extracted raw activation (beta) values from the right aINS (top) and DLPFC (bottom). Brain activations are shown overlaid on a template single-subject T1 image in MNI space with a statistical threshold of *p* \< .05 FDR corrected at the voxel level. Error bars represent 1 *SEM.* (Color figure online)

The subsequent analyses pertaining to modulation of brain activity within the above ROIs revealed no statistically significant associations with attachment avoidance and anxiety for either contrast. Conversely, we observed a significant positive association between age and brain activity for the Angry \> Smiling contrast in the right amygdala/hippocampus, right ATP, and bilateral FFA (see Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}). No significant associations between age and brain activity emerged for the main effect of written performance feedback and the emotional facial expression by written performance feedback interaction. For completeness, effects of child sex and performance are also listed in Table [3](#Tab3){ref-type="table"}, although there were no significant associations. We also ran an additional set of ANOVAs for an analysis where the interaction term between attachment avoidance and anxiety was included, but this did not change the pattern of results.Table 3Summary of associations between brain activity in regions of interest and participant sex, age, performance, as well as attachment avoidance (AV) and anxiety (AX) during the social feedback processing taskMAIN EFFECT OF EMOTIONAL FACIAL EXPRESSIONContrastRegionAVAXAge% "Won"SexAngry \> SmilingTPJ right0.5210.2240.1570.6670.997Angry \> SmilingAMY/HPC right0.4250.305**0.026\***0.8050.227Angry \> SmilingFFA right0.6040.938**0.001\*\*\***0.2550.182Angry \> SmilingAMY/HPC left0.140.3420.0360.6390.467Angry \> SmilingATP left (1)0.2540.07**0.003\*\***0.2060.011Angry \> SmilingIFG/aINS right0.2690.0360.0970.2270.851Angry \> SmilingMPFC0.4920.8270.0690.7390.079Angry \> SmilingFFA left0.3170.909**0.021\***0.7320.415Angry \> SmilingATP left (2)0.9360.941**0.017\***0.910.337MAIN EFFECT OF WRITTEN PERFORMANCE FEEDBACKContrastRegionAVAXAgeSex% "Won"Lost \> WonaINS right0.5780.2590.1160.7750.525Lost \> WonaINS left0.9030.275**0.006\***0.0310.033Lost \> WonaSTG right0.4430.9970.3840.570.799Lost \> WonaINS right0.8840.6410.3340.3150.557Lost \> WonaATP right0.5110.3790.4360.3280.831Won \> LostDLPFC right0.1760.9830.4870.6940.937Won \> LostPCC/PREC left0.7670.650.2970.7240.056Won \> LostPCC/PREC right0.4180.8590.7060.8860.25*Note*. Direction of the contrast, the respective region of interest, as well as uncorrected *p* values of the respective *F* test from the ANOVA for each variable of interest; *p* values were subsequently checked for significance after FDR correction for multiple comparisons for the number of ROIs, and *p* values that survived this correction are highlighted in bold and emphasized by asterisks (\*\*\**p* \< .001, \*\**p* \< .01, \**p* \< .05 after FDR correction). Abbreviations are explained in the textFig. 3Interactions between brain activity for the main effect of emotional facial expression (angry versus smiling) and verbal feedback (lost versus won) and child age during the social feedback processing task. The difference between extracted raw activation values for the angry versus smile and lost versus won ("betas") conditions is plotted on the *y*-axis (centered) against age on the *x*-axis (centered). For the main effect of emotional facial expression (angry versus smiling), the pattern is consistent across all five regions of interest described in Table [3](#Tab3){ref-type="table"} and shows a shift from preferential processing of angry faces in younger children towards smiling faces in older children. Order of regions of interest: top left---left fusiform face area (FFA); middle left---right FFA; bottom left---right amygdala/hippocampus; top right---left anterior temporal pole (ATP; 1); middle right---left ATP (2). For the main effect of verbal feedback, the pattern depicts a shift from preferential processing of lost feedback in younger children towards won feedback in older children in the left anterior insula (aINS). (Color figure online)

Face-morph task {#Sec15}
---------------

### Behavior {#Sec16}

Behavioral performance (correct detection of red dots) during the face-morph task was very good---mother--child condition: 96.29% (6.84); stranger-female--child condition: 97.97% (4.57), suggesting that participants were engaged with the task. Average reaction times were 642 (140) ms for the mother--child condition and 615 (105) for the stranger-female--child condition.

### Brain activity {#Sec17}

For the mother--child morph condition, the flexible full factorial design revealed a significant main effect of self--other degree in the right FFA extending posterior into the right occipital cortex, bilateral TPJ, left FFA, left occipital cortex, bilateral ATP, and right cerebellum (see Table [4](#Tab4){ref-type="table"} and Fig. [4](#Fig4){ref-type="fig"}).Table 4Summary of significant effects observed for the face-morph taskMAIN EFFECT OF SELF--OTHER-DEGREE*k* voxel*p*-value FDR corrected peak*F*-value peak*Z*-value peak*x, y, z* peakRegion2,325.00110.75.4534, −68, −16Fusiform/occipital cortex right336.0086.414.0160, −52, 8TPJ right245.0086.44−26, −60, −20FFA left74.0116.183.91−14, −92, −14OCC left379.0116.143.8954, 6, −22ATP right61.0155.813.75−58, 4, −26ATP left23.0295.163.45−48, −56, 26TPJ left28.0364.963.3510, −60, −32Cerebellum right*Note*. Provided are the number (*k*) of voxels per cluster, the FDR-corrected *p* value of the peak activation, the *F* and *Z* values of the peak activation, the coordinates (*x, y, z*) of the peak activation in MNI space, as well as the best possible estimate of the anatomical region the cluster falls into. Abbreviations are explained in the textFig. 4Summary of significant effects observed for the face-morph task, mother--child condition. Main effect of self--other degree showing significant activations in bilateral fusiform face area (FFA)/occipital cortex (OCC), bilateral temporoparietal junction (TPJ), bilateral anterior temporal pole (ATP), and right cerebellum (CER). (Color figure online)

Raw activation (beta) values from the above significant clusters were subsequently extracted and tested in SPSS within a repeated-measures ANOVA (with the within-subject factor self--other degree) to further characterize the underlying activation pattern. We tested for the presence of a linear versus quadric pattern of the self--other-degree effect (as assessed from tests of within-subject contrasts). This revealed both linear and quadratic trends for most areas except the left TPJ and ATP, where the linear contribution was not significant and the quadratic contribution was highly significant. In the left TPJ and ATP, the activation pattern resembled a U shape with maximal activation for 100% self and 0% self and minimal activation for the 60% and 40% self conditions, respectively. In turn, in the remaining areas, activity was always highest for the 0% self condition and lower for the remaining conditions (see Table [5](#Tab5){ref-type="table"} and Fig. [5](#Fig5){ref-type="fig"} as well as Supplementary Table S[1](#MOESM1){ref-type="media"} for all post hoc pairwise comparisons).Table 5Summary of linear and quadratic trends in the brain activation data of the face-morph task, mother--child conditionPOST HOC TEST FOR LINEAR AND QUADRATIC TRENDSRegion/*x, y, z* peakOrder*Fp*η^2^EffectTPJ rightLinear18.398\<.0010.467Both linear and quadratic60, −52, 8Quadratic6.605.0180.239Fusiform / Occipital rightLinear10.884.0030.341Both linear and quadratic34, −68, −16Quadratic16.445.0010.439OCC leftLinear10.22.0040.327Both linear and quadratic−14, −92, −14Quadratic4.244.0520.168ATP rightLinear5.92.0240.22Both linear and quadratic54, 6, −22Quadratic12.894.0020.38FFA leftLinear3.59.0720.146Both linear and quadratic−26, −60, −20Quadratic14.899.0010.415Cerebellum rightLinear3.271.0850.135Both linear and quadratic10, −60, −32Quadratic9.108.0070.303TPJ leftLinear1.789.1950.079Primarily quadratic−48, −56, 26Quadratic11.247.0030.349ATP leftLinear0.115.7370.005Primarily quadratic−58, 4, −26Quadratic18.183\<.0010.464*Note*. Region of interest with its peak coordinates (*x, y, z*), the order of the trend, as well as its *F* and *p* values plus η^2^ as an effect-size estimate. Finally, an evaluation based on the strength of linear and quadratic trends is listed under "Effect"Fig. 5Linear and quadratic trends in the brain activation data of the face-morph task, mother--child condition. Both linear and quadratic trends were found in the right temporoparietal junction (TPJ; top left), right fusiform face area (FFA)/occipital cortex (OCC; top middle), left OCC (middle left), right anterior temporal pole (middle middle), left FFA (bottom left), and right cerebellum (bottom middle). Primarily quadratic trends were present in the left TPJ (top right) and left ATP (middle right). Error bars represent 1 *SEM*; *AU*, arbitrary units. (Color figure online)

In a subsequent step, we again added participant sex, age, as well as attachment avoidance and anxiety to the ANOVAs to test for any relations between the latter measures and brain activity, and once again controlled for multiple comparisons with an FDR correction for the number of ROIs tested. This analysis revealed a selective positive association between brain activity in the left ATP and attachment anxiety (see Table [6](#Tab6){ref-type="table"}). We then tested whether this self--other degree × AX interaction was mainly of a linear or quadratic nature, which showed a primarily quadratic effect (test of within-subjects contrasts; linear: *F* = 0.005, *p* = .924, η^2^ = 0.001; quadratic: *F* = 11.07, *p* = 0.004, η^2^ = 0.394). To visualize this quadratic association between self--other degree and AX, we estimated brain activity within the ANOVA for AX levels at −1.5, −.75, +.75, and +1.5 standard deviations from the mean as well as at the mean, and plotted the results. This revealed that for decreasing AX scores, the quadratic trend more strongly looked like a U shape, whereas for increasing AX scores, the quadratic trend more strongly resembled an inverted U shape (see Fig. [6](#Fig6){ref-type="fig"}).Table 6Summary of associations between brain activity in ROIs during the face-morph task, mother--child condition and attachment avoidance (AV) and anxiety (AX), plus child age and sexRegionAVAXAgeSexFusiform/occipital right0.7380.210.7930.656TPJ right0.8940.4830.9190.217FFA left0.8760.1540.5810.563OCC left0.8670.2310.7480.619ATP right0.6960.2840.8530.877ATP left0.056**0.001\*\***0.7660.348TPJ left0.7770.8720.820.558Cerebellum right0.4710.0330.8580.066*Note*. Respective region of interest, as well as uncorrected *p* values of the respective *F* test from the ANOVA for each variable of interest. Uncorrected *p* values were subsequently checked for significance after FDR correction for multiple comparisons for the number of ROIs, and *p v*alues that survived this correction are highlighted in bold and emphasized by asterisks (\*\**p* \< .01)Fig. 6Correlation between activity during the face-morph task, mother--child condition, in the left anterior temporal pole (ATP) and attachment anxiety (AX). Extracted raw activation values ("betas") are plotted on the *y*-axis for the 100% self, 80% self, 60% self, 40% self, 20% self, and 0% self conditions (from left to right) for AX scores estimated at −1.5 standard deviations (*SD*), −.75 *SD*, the mean, +.75 *SD*, and +1.5 *SD* (on the *x*-axis). Error bars represent 1 *SEM*. The activation pattern is emphasized by a red line connecting the respective mean activations for each self condition. (Color figure online)

We also ran an additional set of ANOVAs for an analysis where the interaction term between attachment avoidance and anxiety was included, but this did not change the results.

For the stranger-female--child morph block, the flexible full factorial design revealed no regions with a statistically significant main effect of self--other degree. Consequently, no follow-up analyses were performed for this block.

Discussion {#Sec18}
==========

Developmental psychology has a rich history of considering attachment-based internal working models (IWMs) and their role in children's social and emotional development (Bowlby, [@CR4]; Groh et al., [@CR19]). More recently, social neuroscientists have aimed to uncover some of the biological bases of IWMs, but most of this work has focused on adults (Long et al., [@CR25]; Vrtička, [@CR52]). Our study is one of the first to investigate potential relations between attachment, age, and the neural correlates of social-cognitive processing in children. We used two tasks developed in previous neuroimaging studies to assess social feedback processing (Vrtička et al., [@CR53]) and self--other distinction (face-morph task; van Veluw & Chance, [@CR51]). Contrary to previously observed associations in studies of adolescents and adults (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]), we found no associations between attachment and children's neural response in the social feedback processing task. In the face-morph task, however, anxious attachment was linked with left anterior temporal pole (ATP) activation in the self--mother condition. Specifically, children with less attachment anxiety demonstrated greater left ATP response to either self or mother pictures, which was also the average pattern of ATP activation observed in the sample. Conversely, children with greater attachment anxiety activated the left ATP in response to morphed pictures that combined self and mother. These face-morph task results suggest that in response to self--mother distinction, less versus more attachment anxiety in children may relate to different patterns of activation in the ATP---a region previously associated with mentalizing and emotion processing (Frith & Frith, [@CR17]; Olson, Plotzker, & Ezzyat, [@CR38]). In addition, we observed a shift in activation during the social feedback processing task from (a) negative (i.e., angry) to positive (i.e., smiling) emotional facial expression encoding and (b) negative (i.e., lost) to positive (i.e., won) performance feedback, as a function of an increase in children's age.

Our findings suggest that in late childhood, neural processing of self--mother recognition may be more relevant than social feedback processing to attachment-based IWMs. Late childhood is a period of sensitivity to parental support (Hostinar, Johnson, & Gunnar, [@CR21]), which could help to explain why we found that children's anxious attachment was associated with neural processes related to perceiving and representing mother and self. Self--other distinction tasks are thought to tap into self-referential processing (Ma & Han, [@CR27]), which is rooted in attachment-based IWMs (Mikulincer & Shaver, [@CR32]). In accordance with these perspectives, our findings suggest that children's neural activity during self-referential processing varies as a function of attachment. Conversely, for social feedback processing, neurobiological sensitivity to social evaluation has been found to increase from childhood to adolescence (Stroud et al., [@CR44]). Thus, social feedback processing, which includes a social evaluation component, may become more salient and related to attachment-based IWMs in adolescence. Furthermore, our findings build on previous research that suggest a potential developmental shift from adolescence to adulthood in how attachment-derived IWMs may be connected to the neural substrates of social feedback processing (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]). In our study, the lack of associations with attachment may indicate that social feedback processing, as assessed by our task, did not elicit attachment activation. Based on findings from Vrtička et al. ([@CR56]), neural sensitivity to congruent versus incongruent social feedback more globally may be a feature of adolescent IWMs that are still in the process of being shaped through interactions with others. Conversely, more specific activation in reward-related and threat-related systems to congruent combinations of social and objective performance feedback (i.e., social praise and reproach) may characterize IWMs related to attachment system deactivation or hyperactivation in adulthood (Vrtička et al., [@CR53]). Taken together with the current findings, social feedback processing may not emerge as a meaningful correlate of attachment until adolescence, when attachment is more globally related to congruent versus incongruent feedback, and adulthood, when attachment is related to congruent feedback activation in specific brain networks (e.g., reward and aversion systems). An alternative explanation for the absence of associations between attachment and brain activity during the social feedback processing task in late childhood (as compared with previous studies focused on adolescence and adulthood) may be that the task induces different subjective experiences that vary by age. Although we obtained statements on how the social feedback combinations were subjectively perceived in our adult study (e.g., "friends" versus "foes"; see Vrtička et al., [@CR53]), we did not ask children about their subjective experiences in the present study. If the four social feedback combinations were not inducing the same subjective experiences in children as in older participants, or if the task induced less variability in subjective experience in children, then this could have contributed to differences between the current findings and previous findings with adolescents and adults.

In the face-morph task, the specificity of the relation between attachment anxiety and ATP response to the self--mother condition and not the self--stranger condition is interesting, given previous work highlighting overlapping neural representations of self--other as a defining feature of close relationships (Beckes et al., [@CR2]; Cheng et al., [@CR9]). Our findings suggest that increased neural response in the ATP to overlapping representations of self and mother may be characteristic of anxious attachment-based IWMs in late childhood. Conversely, increased neural sensitivity to separate self and mother-representations may characterize more secure attachment-based IWMs. In other words, more anxiously attached children showed increased processing in response to morphed self--mother faces, whereas children with more secure attachments (i.e., lower attachment anxiety) showed increased processing in response to separate self and mother faces. These findings beg the question of whether some children exhibit too much neural sensitivity to overlapping self--mother representations, which would dovetail with some social neuroscience research implicating excessive overlap of self--other representations in anxiety-related responding, such as personal distress in response to others' pain and needs (Decety & Lamm, [@CR13]). Furthermore, our findings are interesting from the perspective that attachment security is related to the development of an autonomous self (Bowlby, [@CR3]; Mikulincer & Shaver, [@CR31]), which is an important developmental task during the transition from late childhood to early adolescence (Steinberg & Silverberg, [@CR43]). Further research is needed, however, to directly test whether neural activation during self--mother distinction is implicated in children's developing sense of independence from their parents.

Our findings also shed light on the brain networks involved in social feedback processing and self--mother distinction in late childhood. The brain regions displaying, and experimental conditions that elicited elevated neural activation in our study were different from those found in previous studies with older samples, potentially signaling developmental differences in the brain bases of social feedback processing and self--other recognition in children versus adolescents and adults. In the social feedback processing task, children showed greater neural response to negatively valenced (i.e., loss or angry faces) than positively valenced (i.e., won or smiling faces) material in a number of regions involved in social aversion and negative affect (e.g., amygdala, anterior insula) and mentalizing (e.g., right TPJ, medial PFC). Conversely, Vrtička et al. ([@CR56]) found that adolescents showed greater neural response to positively valenced material, particularly in regions important for reward processing, such as the ventral striatum and nucleus accumbens. Furthermore, in another study using the same task with adults (Vrtička et al., [@CR53]), objective feedback (Won) elicited more activation in reward-related regions and overall widespread activation. Interestingly, in our sample of 8-year-old to 12-year-old children, with increasing age, activity shifted from negative (i.e., loss or angry faces) to positive (i.e., won or smiling faces) social-emotional information processing. This pattern more closely resembles those observed in previous studies with adolescents and adults (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]). At the same time, the neural activation patterns in children appeared to be more globally representing incoming social-emotional information by means of facial expressions or performance feedback, but not an integration of these two different channels (i.e., absence of an interaction effect). Our previous data suggest that such integration may only emerge during adolescence by means of a congruency versus incongruency effect, and to become more specific during adulthood, regardless of attachment-derived IWMs. Taken together, these independent cross-sectional studies suggest potential age differences in what children, adolescents, and adults are sensitive to in social feedback processing. As already mentioned above, it may, however, also be the case that the subjective experience induced by the four social feedback conditions varies by age, and/or that there is differential variability in subjective experience as a function of age. Future longitudinal assessments of the neural substrates of social feedback processing should include measurements of subjective experience.

In the self--mother condition of the face-morph task, children showed increased activation to both self and mother faces in the left TPJ and ATP. However, children exhibited increased activation to mother faces compared with self faces in regions previously associated with mentalizing and face processing, including the right temporoparietal junction and bilateral fusiform face area (Frith & Frith, [@CR17]; Vuilleumier, Armony, Driver, & Dolan, [@CR58]). Children may be more prone to differentially engaging these regions when perceiving their mother than when perceiving the self or a stranger, perhaps in the service of spontaneous mental state inference and increased attention. Previous research with adults suggests that cortical midline and right frontoparietal areas exhibit increased activation during self-referential processing (self faces compared with other faces; Uddin, Iacoboni, Lange, & Keenan, [@CR49]). Importantly, however, most studies to date have presented adults with self--other face-morph tasks using unfamiliar strangers. To our knowledge, no fMRI study has examined children's neural responses to self-distinction tasks using mothers' faces as stimuli. Our findings suggest that children may recruit the left TPJ and ATP in response to self and mother faces (with a primarily U-shaped activation pattern), but show preferential processing of their mothers' faces in the right TPJ, occipital, ATP, and FFA (with a primarily linear activation pattern). In our study, such an activation pattern was independent of child's age, which suggests already present functionality at age 8 and no extended change thereafter up to 13 years. In contrast to social feedback processing, it appears that self-face and mother-face processing may be more stable earlier in development and more relevant to attachment.

There are several study limitations that should be considered. First, our small sample size and overall low levels of attachment anxiety and avoidance may have restricted the ability to detect significant associations between attachment-based IWMs and neural activity. It should also be noted that our analytic approach focused on testing relations of attachment and age with neural activation in regions that showed a significant main effect of condition, or interaction effect between conditions, in the whole-brain analysis across all participants. This analytic choice was mainly due to the nature of the factorial design of the face-morph task, but this approach may have prevented us from detecting associations of attachment and age with neural activation in other regions that did not show a significant main or interaction effect. We therefore cannot rule out alternative explanations for our lack of observed associations between attachment in late childhood and neural activity during social feedback processing. Further studies with greater statistical power and variability in attachment are necessary to confirm our findings or uncover potential associations between IWMs and neural activity related to social cognition and emotion processing. Furthermore, any claims about developmental processes related to age and attachment-derived IWMs from our study and the two independent cross-sectional studies (Vrtička et al., [@CR53]; Vrtička et al., [@CR56]) need further extension and replication using a longitudinal study design, also taking into account subjective experiences (see above). Second, we did not collect data on puberty. Given that pubertal development has been linked with heightened responsivity to social evaluation (Sumter, Bokhorst, Miers, Van Pelt, & Westenberg, [@CR45]; van den Bos, Rooij, Miers, Bokhorst, & Westenberg, [@CR50]), individual differences in pubertal stage may have been particularly relevant for our social feedback processing Task. Third, we used adult faces as stimuli for both tasks, but adult and child emotional faces have been shown to elicit different levels of neural activation in brain regions important for face processing, such as the amygdala (Marusak, Carre, & Thomason, [@CR28]). Peers are a salient source of social information and evaluation in late childhood (Masten, Juvonen, & Spatzier, [@CR29]; Westenberg, Gullone, Bokhorst, Heyne, & King, [@CR59]). Thus, child emotional faces may be a more suitable stimuli for assessing social feedback processing related to children's experiences with peers. As a related point, measuring attachment to others besides parents, such as peers, would be an interesting future direction for this work. Lastly, although fMRI is a powerful neuroimaging tool, the movement constraints that it places on participants both limits ecological validity and makes it difficult to collect high quality data in younger populations. Functional near-infrared spectroscopy (fNIRS) provides less spatial resolution than fMRI, but it is a promising alternative neuroimaging method for studying cortical underpinnings---and particularly interbrain coherence derived from hyperscanning---of attachment-related processes in children (and their parents; Long et al., [@CR25]; Miller et al., [@CR34]; Nguyen et al., [@CR37]; Vrtička, [@CR52]). Also, fNIRS is suited to investigate other processes relevant in an attachment context that can be measured by hyperscanning, such as trust and cooperation (King-Casas et al., [@CR22]; Reindl, Gerloff, Scharke, & Konrad, [@CR41]). Despite these limitations, this study contributes to a small but growing body of literature aimed at increasing our understanding of the neural processes underlying attachment security in late childhood. These efforts are important for helping to root children's cognitive schemas about the self, others, and relationships (i.e., attachment-based IWMs) in biology.
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